The derivation of a general formula for the coefficient of dielectric recombination is reviewed, and approximate formulae known in the literature are discussed. With the aid of Burgess' simplified formula calculations of the coefficient of dielectronic recombination for the elements C, 0, Ne, Mg, Si, S and Fe in the temperature range 10 8 -4 x 10 6 °K are performed. The results are presented in figures and in tabular form. Taking into account dielectronic and radiative recombination, the ionization equilibrium for the various stages of these elements is determined and compared with recent results of other authors.
Introduction
The contribution of dielectronic recombination to the ionization equilibrium of the solar corona reduces the appreciable discrepancy between its temperature as deduced from the observational Doppler line-broadening and that calculated on the basis of the ionization theory. This fact has been conjectured by Unsold and was fairly corroborated by calculations of BURGESS 1-3 and SEATON 3 . In addition to the application of this process to solar physics, it has grown in importance generally and its astrophysical applications are multiplying (WiDiNG 4 , TUCKER and GOULD 5 , ELWERT 6 , POTTASH 7 , EVANS and POUNDS 8 ). It for instance influences the radio recombination lines (GAYET et al. 9 ) and plays a role in the planetary nebulae and in H II regions (GOLDBERG 10 , GOLDBERG and DUPREE N ).
In the following, the general formula of the coefficient of dielectronic recombination adi is derived Reprints request to Prof. Dr. G. ELWERT, Lehrstuhl für Theoretische Astrophysik der Universität Tubingen, D-7400 Tübingen, Hausserstraße 64.and a few approximate expressions for adi are briefly reviewed. We endeavor to point out the physical assumptions as clearly as possible, because we think that, due to a practical standpoint, this has been neglected so far in the literature.
Calculations of a<ji especially for ions abundant in the solar corona using Burgess' simplified formula (BURGESS 12 ' 13 ) are presented 14 ; the limitations of the Burgess formula are particularly stressed. For low density plasmas this expression is the best possible one, up to now. It allows to calculate adi without great difficulty and to an accuracy presently sufficient for most of the ions important in astrophysical applications, especially in the solar corona and in similar low density plasmas (BUR-process (SHORE 19 , TREFFTZ 20 , DAVIES and SEA-TON 21 ). The minor modification caused in the values of a^i by autoionization from collisionally excited states and by depopulation of the highly excited levels of the captured electron by collisions in case of dense plasmas is intended to be treated in the next paper.
Instead of tabulating a^ for various ions and for various temperatures T, a reduced formula for adi(T) is given as a sum of a few terms whose parameters are tabulated for important ions. Calculations of the ionization equilibrium taking into account dielectric recombination are also performed and compared with the results of JORDAN 22 and with those obtained by using the formula for a^i given by TUCKER and GOULD 5 .
The General Formula
In connection with a study of the influence of atomic oxygen on the upper atmosphere, MASSEY and BATES 23 were the first to consider, besides the radiative, the dielectronic recombination also, i. e. the inverse autoionization. In this process, an electron colliding with an ion is captured in a highly excited state of the ion. The surplus energy of the impact electron instead of being directly radiated, is used to excite another bound electron of the recombining ion. The latter, having been thus doubly excited, may undergo a transition by emitting a photon such that no autoionization is possible. In this way stabilization is achieved, the recombination takes place, and is accomplished dielectronically. The process can be represented as follows ( 
where X + Z (i) is a z times ionized atom in a state i, while X + (i\ i") is a z-1 times ionized atom in a doubly excited state (i', i"). Ee, le are the energy and angular momentum quantum number of the incident electron respectively; v is the frequency of the emitted photon.
The states i and (i, i") may in general be manyelectron states, differing obviously by one electron. Now, it can be shown 25 that the most efficient recombination is obtained, if the state ia of the inner electron of is configurationally the same as the state i of the recombining ion X + 2 , the transition i->i being an optical one. In the following we shall therefore take i = ia as granted. Moreover, if the states i, i, and i" are characterized by their effective principal and angular momentum quantum numbers, viz., i = (n, I), i = (n, l') and i" = (n", I") (2.1) then the most important terms contributing to the process Px are those where /' = /+1 and r = k-1. (2.
2)
The change in the energy of the incident electron used for excitation of the inner electron is given on one hand by provided n" ^> n, i. e., we neglect the interaction between the captured and the excited electron, here. The assumption that the electrons are captured in highly excited states is in fact reasonable while considering the main contributions to eta; • The occupation of high levels makes also the dielectronic recombination quite important particularly in the case of radio recombination lines (GAYET et al. 9 , GOLD-BERG 10 ). Under this assumption n" n the energy of the highly excited states is Ed= -/h-^^Hi (2.5) the ground state energy of the ion before recombination being /h (z + 1) 2
Then, from (2.3) and (2.4)
by (2.5) and (2.6), which can be seen from Fig. 1 
This inequality is in any way satisfied, if ns = n, i. e., ig = i. One can also see easily that in many cases is = i is also a necessary condition.
We denote the number densities of electrons by Ne and of the ions X + 2 (i) by Ng(i). Then the number of recombinations per cm 3 per sec of ions in state i is given by
where adl is the coefficient of dielectronic recombination.
On the other hand, the dielectronic recombination is ensured when the process P2 takes place 26 . Therefore, the total number of dielectronic recombinations is equal to the total number of stabilizations, namely 27 2 Iadi(i;i,ilNeNz(i) ,9im
where Nz_i(i',i") is the number density of the doubly excited ion X + and AT is the transition probability for the process P2. Here Ar may be taken to be independent of the captured electron, i. e., the coupling between the inner (excited) and the outer (captured) electron is neglected. This approximation is borne out by the quantum mechanical treatment (SHORE 19 , TREFFTZ 28 ), which will be discussed in the next paper.
Considering a stationary state, for every level the number of all electron losses due to photo-and autoionization are equal to the number of electron captures. Consequently, the number density Nz_\ can 25 See the paragraph following Eq. (2.7). 26 To be more general, we now keep is different from i till otherwise stated. 27 Here the state i needs not be the ground state of the ion X + z. In the following, we shall only be interested in the recombination to the ground state of X + z which is denoted from now on by i. Equation (2.11') then with respect to the number Nz_i in ground state can be expressed as
E& being given by (2.5). Eliminating N°z_i from (2.13') with the help of (2.14) and using (2.7),
we get finally First, the ratio of number densities Nz and iV 0 z_i of the ions X + z and in their ground state 29 29 To distinguish X+(*-l)(»',£") from X +(*-!) in ground state, we use a superscript zero in the number density of the latter.
which is the most general formula. It may be mentioned here that exactly the same formula can be derived by the quantum theory of resonance scattering (TREFFTZ 20 , SHORE 19 ), with the aid of which the quantities A:i, Ar can also be calculated. Up to now, nothing has been said about the quantities Ar, Aa or rcap. In the following sections we discuss however a few approximate formulas for Aa , Ar, and adi found in the literature.
An Approximation for Low Temperature
The first approximation of formula (2.17) which we would like to discuss is that of MASSEY and For temperatures of the order of 1000 -3000 °K, (i. e. kT ^ E) the Boltzmann factor is quite small. Formula (3.3) is then applicable. In case of high density no upper levels will be formed. In the summation one has therefore only to take into account the lowest ones. Under these conditions BATES 30 has shown, using formula (3.3), that adi is by a factor of 4 -5 less than the corresponding radiative recombination coefficient ARAD for N + ( 3 P) and is completely negligible for 0 + ( 4 S). However, if the temperature is high and the density is low and if one substitutes E from (2.7), it is obvious that the summation over i" = (n", I") in (3.3) will diverge as 2n" 2 e^n" tkT (3.5)
n"
where n" 2 comes from oo(n ,1' n" I"), see Eq. (7.2). This divergence disappears since for high temperature and for large n" formula (3.3) is not applicable. The reason is that whereas Ar is constant with respect to n" [see Eq. This rapid decrease of the summands can be substituted by a cut-off in (3.3). Before this cut-off becomes effective, large values of statistical weights co(i,i") may make the summands large which results in adi > arad . In the following, we discuss a formula of adi for such cases.
Burgess Simplified Formula for High Coronal Temperature
To evaluate (2.17), naturally one needs to know the autoionization probability Aa as given by (2.16) or directly calculated quantum-mechanically (SHORE 31 ). However we follow BURGESS 1j 2 > 12 here.
Evidently, the rate of capture rcap can be found from the capture cross section ocap . For the capture into a highly excited state, ocap may be approximated by the cross-section oex for ordinary excitation. Whereas in the case of excitation, the impact electron leaves the atom and therefore its energy remains positive, in the case of recombination the captured electron has a negative energy. By extrapolating oex for negative energies of the captured electron just below threshold, the rate of capture /•cap can be calculated as follows.
We consider the capture into closely lying highly excited states. The number of electrons captured into levels with the principal quantum numbers lying between n" and n" + dn" per Ne and Nz is given by rcap An". Here, the interval dn" corresponds to an energy interval dE, which is populated by d/e recombining electrons; /e being the Maxwell distribution function. From (2.7)
The number of captures is, on the other hand, given by ocap ve d/e, where ve is the electron velocity. Formula (4.9) along with Table 1 has been used for calculating adi for various ions (MÜCKLICH 16 ' 33 ) . We shall return to these calculations in the following sections. Burgess' detailed calculations of specific ions with the aid of the first formula (4.5), show that formula (4.9) or (4.11) give in general results within 20% of accuracy.
Determination of the Oscillator Strengths
In order to evaluate the simplified formula (4.9) numerically, one has to know first of all the oscillator strengths . In Coulomb approximation (BA- where the functions 7 and J have been tabulated by BATES and DAMGAARD 35 , and n\ is the effective principal quantum number, given by (4.6').
For simplicity we have used the Coulomb approximation throughout to calculate oscillator strengths fi'i. For some ions of interest the oscillator strengths are enlisted in WLESE's 37 tables. Some of these fi'i are also calculated by Bates and Damgaard's method. A comparison of our calculated fi'i with those of Wiese shows in all cases an agreement within the uncertainty of Bates and Damgaard's approximation -sometimes even a very good agreement.
The main task of the calculation is to determine the effective principal quantum number n given by (4.6'). As the term values are not always known for all ions of interest, one is obliged to take recourse to extrapolation. Since n increases nearly monotonically within an isoelectronic sequence, it was estimated for these ions by extrapolating the corresponding values of n of those members of the isoelectronic sequence for which the term values of the state in question are known. The corresponding term values can then be estimated using formula (4.6'). For ions, comprising a number of equivalent electrons in their outermost shell, the difference between the various term values in a transition array is small. In these cases mean values of n were determined with the aid of mean term values over a transition array. 
S, LL L'
The sum over the whole transition array is then 2 2 2S=io»(®).
(5.4)
SL SLLI L'
The relative multiplet strength for the individual transitions can be taken from the Table 2 .
Results
In the following section we discuss the results of the calculations of a^; for the ions C V and C VI; Si XI 7.0 ( -11) 0.42 2.5 (-10) 2.9 5.9 ( -1) 3.8 XIII 8.7 (-11) 0.49 3.8 (-10) 3.9 9.0 (-1) 5.1 Table 3 . where / is the wavelength of the first optically allowed transition of the recombining ion in Ä, and
E is the corresponding excitation potential in eV.
On the other hand, the coefficient for radiative recombination arad decreases monotonicaly with increasing temperature. As a result of this, the coefficients of dielectronic and radiative recombination behave differently depending on the temperature.
A sufficiently good formula for arad was first derived by EL WERT 41 The following interesting point should be noted.
In case of C V and C VI, 4.1 (--12) 1.6 2.5 (-11) 0.54 8 SIX 2.5 (--10) 2.7 1.1 (--10) 3.3 3.0 (--11) 3.4 1.0 (--11) 2.4 3.4 (-11) 0.64 8 Si VI 6.9 (--11) 1.6 1.8 (--11) 1.9 8.2 (--12) 2.1 6.7 (--12) 1.4 1-0 ( -11) 0.56 9 S VIII 2.6 (--10) 2.5 9.8 (--11) 2.9 2.5 (--11) 3.2 1.5 (--11) 2.1 1.5 ( -11) 0.67 9 Fe XVII 2.7 (--9) 7.8 7.2 (--10) 9.7 --1.0 (--10) 7.0 3.6 (-11) 8.59 10
Fe XIV 9.1 (-11) 0.5 1.4 (--10) 2.1 4.9 (--11) 2.8 2.9 (-11) 1. curs below 10 6 °K; the dielectronic recombination is much larger than the radiative recombination. On the other hand for Ne IX (Fig. 7) , the maximum in question occurs at T>4-10 6°K , the radiative recombination still predominates up to 2-10 6°K . Similar statements can be made for MgX and MgXI (Fig. 8) , Si XII and Si XIII (Fig. 9) , Fe XVI and Fe XVII (Fig. 12) . 
Tucker and Gould Formula
Another formula which is based on a drastic approximation 42 has been set up by TUCKER and GOULD 5 . This very simple formula can be derived directly from the first Burgess formula (4.5). To that end Tucker and Gould 1) employ VAN REGEMORTER'S 44 where a0 = h 2 /m e 2 is Bohr's hydrogen radius and ga' is an effective Gaunt factor determined from the best observations and calculations. This substitution confines the /"-dependence only to the statistical weight co(n I',n" I") of the doubly excited states.
2) make a very rough approximation in summing over I". The statistical weight co appears in the second term in the denominator of (4.5). Tucker and Gould substitute this summation by 2 0)(n I', n" I") = co(n t) 2 (21" + 1) = n" 2 co(n I').
3) suppose that the radiation probability
i. e. is independent of the quantum numbers of the captured electron. This assumption is also made by For the first excited state the coefficient Ci' is tabulated in their paper.
According to a comparison of adi(TG) and the results obtained with Burgess' formula adi(B) by Cox 45 for high z, ad; (TG) should be larger than adi(B) by a constant factor of 3 nearly; this factor rises even higher with the decrease of z up to a value of 8 for z= 1. Cox expects this rise to be compensated by the z-dependence of ga'.
In Fig. 14, a plot of adi(TG) and adi(B) for Si IX, SiX and in Fig. 15 a plot of adi for Mg IX and MgX according to our calculations is given. They show also that for sufficiently low temperatures (J<£c), adi(TG) >adi(B) which agrees with the estimation of Cox. One notes, however, that at temperatures t>tc, ad, (TG) < adi (B), the ratio of the two coefficients decreases with increasing temperature. However, a comparison of the ionization equilibrium for the ions Si IX and Si X, allowing occuring in the denominator of (2.17) turns out to be strongly /"-dependent when evaluated quantummechanically, especially for sufficiently large I"; it decreases rapidly with increasing I" (SHORE 19 ).
Consequently, the use of (5.2) is very rough. The same conclusion is drawn by Mrs. TREFFTZ 28 also.
Ionization Equilibrium in the Solar Corona
It can be shown that in the ionization equilibrium 
